An effective method for preparing Maillard reaction intermediate (MRI) derived from xylose (Xyl) and phenylalanine (Phe) in aqueous medium was proposed in this study. Maillard reaction products (MRPs) were prepared by Maillard reaction performed under stepwise increase of temperature, and cysteine was added as an indicator. The formation conditions of MRI generated from Xyl and Phe were determined through MRPs browning analysis. The MRI prepared under the determined formation conditions was purified using RP-HPLC, and characterized using UPLC-ESI-mass spectra and NMR. The molecular mass (297.1 Da) and formula (C 14 H 19 O 6 N) were proposed. The capacity of flavor formation of heated MRI was evaluated through GC-MS. Results showed that flavor compounds were formed during the subsequent heat treatment, and MRI could be a great potential substitute of MRPs in preparation of fresh process flavors. Therefore, controlled formation of process flavors could be achieved by preparation and application of MRI.
Introduction
The Maillard reaction is a non-enzymatic browning reaction occurring between amino and carbonyl groups during heat treatment and cooking. It is regarded as one of the most important reactions during food processing and storage.
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Maillard reaction is also a very important reaction for generating aroma compounds such as aldehyde, ketone, furan, pyrrole, etc. 4 Maillard reaction products (MRPs) are usually used for avoring production. 5 They have been favored by consumers over years and intrigued by researchers due to their rich fragrance. 5 Deblander et al. 6 attempted to synthesize the Maillard key avor compounds: 2-acetyl-1-pyrroline, 6-acetyl-1,2,3,4-tetrahydropyridine and 5-acetyl-2,3-dihydro-4H-1,4-thiazine by chemical synthesis. However, since most of the avor components in MRPs are volatile, it is difficult to maintain the stability of avored end products for application, especially during heat treatment, cooking and baking process. The loss of aroma and fragrance limits the application of MRPs. Maillard reaction is divided into three stages namely, initial, intermediate and nal stage. During the rst step, the reactions are initiated by aldoses and amides which lead to the formation of a labile N-substituted amino sugar. Specically, aer the nucleophilic addition, the Schiff base can rearrange via 1,2-eneaminol leading to Amadori rearrangement products (ARPs).
7 During initial stage of Maillard reaction, neither aromas nor melanoidins are produced, but signicant non-volatile aroma precursors such as Maillard reaction intermediates are formed. 8 Compared with MRPs, MRIs have stable physicochemical properties. 9 When heated, MRIs undergo dehydration and ssion reaction as the Maillard reaction progresses and generate colourless reductones and heterocyclic compounds.
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These products could dehydrate and polymerize to form melanoidins that give food a tempting dark color. Though sugars and amino acids are also regarded as MRPs precursors, MRI shows higher reactivity in color and avor formation than the reactant saccharides and amino acids.
11 Hence MRI may have uniquely excellent potential as an alternative to conventional Maillard avorings, and the foodstuff with MRI as avoring additive could not exhibit its avor during primary processing or storage at room temperature but generate desirable avor during heat treatment such as cooking and baking. It ultimately leads to controlled formation of process avors and avoids the volatility drawbacks of conventional Maillard avorings. Additionally, Davidek et al. 12 prepared ARP in an aqueous medium; however, the formation conditions of MRI were not determined. It is difficult to detect Maillard reaction intermediates in water and their generation conditions are difficult to determine, especially in a system with the presence of a variety of amino compounds. Thus MRIs are seldom prepared in aqueous medium.
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Huang et al. 16, 17 studied the inhibition of color formation in aqueous Maillard reaction of soybean peptide and xylose. They reported that browning could be well inhibited by cysteine, and effective inhibition only occurred when cysteine was added to the system aer the rst mild reaction step. Further research showed that once the pyrolysis products from carbohydrates were formed in Maillard reaction, the browning could not be inhibited by cysteine. But if cysteine reacted with MRI, the generation of browning substances was effectively restrained, and the low molecular weight compounds formed in intermediate reaction stage were signicantly reduced. Therefore, cysteine could be applied as an efficient indicator to detect the formation of MRI in aqueous medium. According to Arrhenius equation, chemical reaction can be slowed down with decrease in temperature. Low temperature was selected for Maillard reaction to reduce the decomposition of MRI and improve the availability of MRI reacting with cysteine. The stepwise increase of temperature method was carried out as follows: amino acid and sugar solution was heated at low temperature for different times, and then cysteine was added to the reaction system (rst mild reaction step), the thermal reaction was further carried out at higher temperature for certain time (elevated temperature reaction step) and various color strengths of nal MRPs were detected. Then the addition moment of cysteine, at which the lightest color of MRPs was observed, could conrm the MRI formation time.
In the research of Huang et al., 16, 17 cysteine was added to the system as a reactant to produce light-colored MRPs. Nevertheless, in the proposed method, cysteine was added as an indicator for the detection of MRI formation and was not further used for MRI preparation.
Maillard reaction of reducing sugar and amino acids is a very important experimental model system for avor formation.
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For instance, benzaldehyde, benzeneacetaldehyde etc. were found in previous reported researches during the Maillard reaction of xylose (Xyl) and phenylalanine (Phe), which were identied as the typical avor compounds of owers. 19, 20 In this research, Xyl and Phe were mixed in aqueous solution, then Maillard reaction under stepwise increase of temperature was carried out with cysteine added as an indicator for the MRI formation. The prepared MRIs were puried through high performance liquid chromatography (HPLC), their molecular weight and structures were determined via mass spectra and NMR. The avor formation capacity of MRI derived from XylPhe, Xyl-Phe mixture, and their MRPs was also evaluated through gas chromatography coupled with tandem mass spectrometry (GC-MS). The controlled formation of process avors from MRIs could be used as potential alternative to the existing Maillard avorings.
Experimental section

Materials
L-Phenylalanine, D-xylose, cysteine, sodium hydroxide, benzaldehyde (98%), benzeneacetaldehyde (98%) and n-alkanes (C 6 -C 26 ) were purchased from Sigma-Aldrich Chemical Co. (Shanghai, China). 1,2-Dichlorobenzene (98%) was purchased from Macklin Biochemical Co. (Shanghai, China). LC-MS grade water, formic acid and acetonitrile were purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
Maillard reaction performed under stepwise increase of temperature
Model system (5 g) consisting of Xyl and Phe in a 2 : 1 relative molar ratio was thoroughly mixed with 80 mL deionized water. The solution pH was adjusted to pH 7.4 with NaOH (6 mol L À1 ).
The solution was initially heated at 80 C for different times (0-90 min) in the temperature and pressure resistant bottles.
L-Cysteine (Cys) was then added (1% of the mixture) to the solution, and the pH was re-adjusted to pH 7.4. Moreover, the solution temperature was raised to 120 C and held in oil bath for 110 min. The mixture was immediately cooled in ice water. The products of the Maillard reaction performed under stepwise increase of temperature (80 C and 120 C) were used for browning intensity measurements. The control group was prepared without the addition of Cys.
Browning intensity measurement
The browning intensity of MRPs was evaluated using a UV-vis spectrophotometer (UV-1800, Shimazu Co., Shanghai, China) by measuring the absorbance at 420 nm (A 420 ). The Maillard reaction products prepared under stepwise increase of temperature were diluted 10-folds before the absorbance measurement because of their excessive dark color, while the browning intensity of contrast group samples was measured without dilution due to their light color.
Preparation of MRI
The critical conditions of MRI formation were determined by measuring the browning intensity of the MRPs prepared through the Maillard reaction under stepwise increase of temperature. The critical conditions of MRI formation were similar to those of initial stage of the Maillard reaction (heating at 80 C for 70 min) which MRPs had the minimum A 420 .
Therefore, the MRI derived from Xyl and Phe (80 mL containing 5 g of Xyl and Phe in a 2 : 1 relative molar ratio at pH 7.4) was prepared under these conditions without the addition of Cys and the reaction was then terminated in ice water. C. Then the solid was mixed with anhydrous ethanol (500 mL). The undissolved components were ltered off and the solution was dried using rotary evaporation under vacuum (30 C). Then the solid was dissolved in water and was applied to a column lled with Dowex 50WX4 ion exchange resin in H + -form. 12 The column was rst washed with water and then with ammonium hydroxide (0.2 mol L
À1
). The fractions containing the MRI were further puried using semi-preparative RP-HPLC. The C 18 RP-HPLC (10 mm, 22 Â 200 mm) column was used for the purication purpose. The elution rate was set at 3.0 mL min À1 by linear gradient from 2 to 100% acetonitrile/0.1% formic acid over 18 min. RP-HPLC was used for quantitative analysis of MRI. The X-Select C 18 RP-HPLC column (3.5 mm, 4.6 Â 150 mm) and photo diode-array detector 2996 (Waters, USA) were used for the sample analysis at 215 nm. The elution conditions were similar to that of semi-preparative RP-HPLC. The calibration for the MRI was prepared using the puried product.
The Xyl-Phe conversion into MRI (N-(1-deoxy-a-D-xylulos-1-yl)-phenylalanine) was calculated as the percentage of the measured molar concentration of N-(1-deoxy-a-D-xylulos-1-yl)-phenylalanine to the initial molar concentration of phenylala-
UPLC-MS analysis of MRI.
The UPLC-ESI-MS spectrum was obtained by mass spectrometry (Waters Synapt MALDI Q-TOF MS, USA) with positive ESI mode using Waters Acquity PDA detector. The ionization conditions were as followed: capillary voltage 3.5 kV, cone voltage 20 V, and extractor voltage 7 V. The source block temperature and the desolvation temperature were 100 C and 400 C, respectively. The cone gas ow was adjusted to 50 L h À1 . The scanning of the sample was recorded over the range of m/z 20-1000 with a scan time of 1 s and an inter scan delay of 0.1 s. To facilitate the protonation of MRI required for the detection by ESI + -MS, water containing 0.1% formic acid was used as eluent. The CSH C 18 (1.7 mm, 2.1 Â 100 mm) column was used for Ultra Performance Liquid Chromatography (UPLC) analysis. Analytical UPLC conditions on LC-MS were as followed: injection volume was 1 mL, ow rate was 0.3 mL min À1 , and UV detector was set at a range of 200-600 nm. The samples were analyzed by linear gradient from 2 to 100% MeOH/0.1% formic acid over 20 min by directly injecting the sample. Data were obtained using Mass Lynx soware (version 4.1, Waters, Milford, MA, USA).
NMR analysis of MRI.
Aer MRI purication by HPLC, the recovered products were analyzed by NMR. All NMR experiments were performed on a Bruker DRX 400 MHz spectrometer (Bruker Bio Spin, Germany) equipped with a 5 mm PABBO probe and operated at 25 C (298 K). Data were obtained -8) . -8) . Xyl and Phe was simultaneously heated as control. 2.6.3 Headspace solid phase microextraction/gas chromatography/mass spectrometry (HS-SPME-GC/MS) analysis. The analysis of volatile compounds was performed using a gas chromatography/mass spectrometer (Finnigan Trace GC/ MS, Finnigan, California, USA) equipped with a DB-Wax capillary column (30 m Â 0.25 mm Â 0.25 mm; J&W Scientic, Folsom, CA, USA). The volatile compounds were sampled with a carboxen/polydimethylsiloxane (75 mm) SPME ber (Supelco, Bellefonte, PA, USA). Three grams of each MRPs sample were placed in a 15 mL vial, and an internal standard of 1,2-dichlorobenzene (50 mg in 1 mL of methanol) was added prior to Linear KIs of the compounds were calculated using a series of n-alkanes (C 6 -C 26 ) injected under the same chromatographic conditions and compared with available literature data. The identied MRPs volatile compounds were quantied by GC/MS. Approximate quantities of the volatile compounds were estimated by comparing their peak areas with that of the internal standard, obtained from the total ion current chromatogram, assuming that the relative response factor was 1 and the recovery ratio was 100%. The quantitative formula was as follows:
where W i is the concentration (mg mL À1 ) of compound i, A i is the peak area of compound i, A s is the peak area of internal standard, m s is the mass of internal standard, V is the volume of sample, and f 0 is a relative correction factor assumed to be 1.
Benzaldehyde (y ¼ 3.82 Â 10 6 x À 0.038, R 2 ¼ 0.9993) and benzeneacetaldehyde (y ¼ 5.50 Â 10 5 x À 0.082, R 2 ¼ 0.9991) in the sample were quantitated based on external calibration curve by comparing the peak areas with those of standard solutions containing known amounts of the pure compound.
Statistical analysis
The results were presented as mean values AE standard deviation from SPSS version 19.0 (IBM, Armonk, NY, USA). All measurements were done in triplicates and p < 0.05 was considered as signicant.
Results and discussion
Determination of MRI formation condition
The MRPs were prepared by Maillard reaction performed under stepwise increase of temperature. The reaction was divided into two stages. During the rst stage, the reaction was set at 80 C for different reaction time (0-90 min), then, in the second stage, Cys was added and the temperature was increased to 120 C for 110 min.
Results showed that A 420 of the system without Cys addition increased with increasing reaction time (Fig. 1) , indicating that melanoidins were generated during heating and their concentration increased with increasing reaction time. However, the addition of Cys changed the reaction course. A 420 rstly decreased and reached the lowest level at 70 min heating time at 80 C followed by heating for 110 min at 120 C, then signi-cantly increased aerward (Fig. 1) . These results are in good agreement with previous ndings of Huang et al. 16 who reported that the color-inhibiting effect of Cys was due to its interaction with ARP. Since the browning inhibition resulted from the interaction between Cys and ARP, the lightest color might be the MRI formation indicator. The higher the concentration of MRI was, the more interaction between MRI and Cys occurred, and the lighter the color of the solution was observed. The total reaction time of 180 min (Fig. 1a) corresponds to the Cys addition time of 70 min (the reaction time of the rst stage) (Fig. 1b) , indicating that the MRI formation time was 70 min.
MRI had not been abundantly formed before heating for 70 min at 80 C, and the addition of Cys could not completely react with MRI, due to its competition with Phe. A part of Cys tended to react with Xyl to form Maillard reaction products, and was unable to inhibit the browning in high-temperature thermal reaction. Additionally, Cys could not reduce the brown color which had been formed before its addition. Although Cys was proved to be effective for browning inhibition, during the Maillard reaction performed under stepwise increase of temperature, but, when Cys was added with prolonged heating time over 70 min it could not inhibit the browning.
When the heating time was extended at 80 C, the MRI underwent enolization, deamination, dehydration, fragmentation and then generated a collection of sugar dehydration and fragmentation products. The reaction between these fragmentation products and added Cys generated melanoidins.
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Therefore, the addition of Cys aer heating over 70 min at 80 C could not inhibit the color formation, but promote the system browning. This might explain the drastic increase of A 420 in the samples with Cys added aer 70 min heating time at 80 C during the rst stage (Fig. 1) 
Analysis of prepared MRI by UPLC-MS/MS
The MRI from reaction solution was separated by RP-HPLC and the puried MRI was analyzed using UPLC-MS/MS. The purity of the puried MRI was 98.26%. Evidence for the proposed MRI structures was provided through MS analysis of their elemental composition and the results are shown in Fig. 2 . A single peak was shown in total ions chromatogram of puried MRI sample at retention time of 4.21 min (Fig. 2a) , and its MS/MS spectrum was shown in Fig. 2b . The fragmentation pattern of the puried sample was in accordance with previous studies. 26,27 MRI derived from Xyl and Phe is known as N-(1-deoxy-D-xylulos-1-yl) phenylalanine (with molecular weight 297.1 Da) whose NH group tend to combine with a proton in ESI-MS/MS measurement. 9, 26, 27 The parent ion with m/z ¼ 298 was identied in spectra. A successive loss of 2 molecules of water from N-(1-deoxy-D-xylulos-1-yl)-phenylalanine (parent ion with m/z ¼ 298) was observed, which corresponded to the positive singlecharged fragments with m/z 280 and 262 respectively. In the mass spectra, the ion [M + H À H 2 O] was the most abundant peak (Fig. 2b) . These results are in accordance with the ndings of Davidek et al. 12 The loss of the formic acid molecule was followed by fragmentation of a successive loss of 2 molecules of water from the parent ion with m/z 298 yielded ions at m/z 252, m/z 234 and m/z 216, respectively. The cleavage of ketosyl residue yielded ion at m/z 166, while cleavage of furan ring generated low abundant ion at m/z 178. The detailed fragmentation was shown in Scheme 1 based on the structural feature of N-(1-deoxy-D-xylulos-1-yl)-phenylalanine and the mass spectrometry information. According to the abundance of fragments (Fig. 2b) , the dehydrated ions at m/z 280 and m/z 234 were the dominant ones, indicating the loss of molecules of water from the puried sample. These results are consistent with previous ndings. 9, 12, 26, 27 The molecular mass and proposed formula were 297.1 Da and C 14 H 19 O 6 N, respectively.
Analysis of prepared MRI by NMR
The NMR spectroscopy is a powerful tool to investigate the structure of molecules. The NMR data of the puried sample conrmed signals in the expected regions. 9,30 A tautomeric equilibrium involving ring
opening, keto-enol tautomerism, and ring closure was proposed (Scheme 2). The tautomer 3-a and 3-b named as N-(a-D-xylulos-1 yl)-phenylalanine and N-(b-D-xylulos-1-yl)-phenylalanine were from the rearrangement of the labile enol form that was not observed in NMR spectra (Fig. S2 †) .
Preparation of MRI in aqueous solution and its thermal decomposition to form avor compounds
The MRI was prepared in aqueous solution using the following conditions: Xyl to Phe relative molar ratio 2 : 1, initial pH 7.4, solution concentration 58.8 mg mL À1 and reaction time of 70 min at 80 C. Recent studies showed that the MRPs avoring could usually be prepared at higher temperature above 100 C, [31] [32] [33] however, the high temperature facilitated the development of more labile avor components. 5, 34 It remarkably increased the formation of meaty aroma and some desirable avor precursors, which are known as thermal process avoring products. 32, 35, 36 During this study, the proposed method for preparing MRI derived from Xyl-Phe was combined with the conventional technique for the preparation of thermal process avoring, but using much lower temperature for Maillard reaction.
The MRI and MRPs were heated at 100 C, respectively, and the volatile compounds in the nal products were measured using GC-MS. The major volatile compounds in MRPs before the heat treatment were shown in Table 1 . Strong ower-like scent was felt from the MRPs, without any off-avor. The results of changes in MRI concentration and total volatile compounds during thermal reaction are shown in Fig. 3 and 4 . During the thermal reaction, 1,2-and 2,3-enolizations of ARP initiate b-elimination reactions in acidic or base catalyzed conditions, which eventually lead to the formation of reactive intermediates.
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As the reaction time prolonged, the concentration of MRI was decreased (Fig. 3a) while the total concentration of volatile compounds was increased (Fig. 4) . However, MRI solution nearly showed no volatile compounds before the heat treatment (Fig. 4) , indicating that the fresh avor was generated during heat treatment of MRI. Results showed that, prolonging heating aer 80 min, the concentration of volatile compounds in MRI drastically declined, conrming the occurrence of aldol and aldehyde-amine condensations, which led to the formation of melanoidins.
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These results suggested that the fresh avor from Xyl and Phe could be produced at 100 C for no more than 80 min reaction time (Fig. 4) . The increasing concentration of volatile compounds from 0 to 1.68 mg mL À1 was observed in the heated Xyl-Phe for 120 min, indicating that fresh avor could also be formed in a mixture of sugar and amino acid. However, both the concentration of volatile compounds and their generation rate in heated Xyl-Phe were much lower than that in MRI solution. These results revealed that the formation of fresh avor was higher using MRI than using Xyl-Phe during heat treatment. As shown in Fig. 3b , a drastic increase in A 420 of MRI solution was observed compared to that of Xyl-Phe during the heat treatment. Thus, the reactivity of Xyl-Phe in Maillard reaction was inferior to that of MRI. Compared with MRI and Xyl-Phe, MRPs showed an inverse trend of volatile compounds concentration during the heat treatment (Fig. 4) . The volatile compounds in MRPs decreased during the heat treatment, and this might be due to the volatilization of avor compounds and polymerization reaction to generate melanoidins in the nal stage of Maillard reaction. MRI showed a great advantage of avor formation compared to MRPs. The concentration of volatile compounds in heated MRI was higher than that in the heated MRPs aer approximately 30 min thermal reaction. Aer heat treatment at 100 C for 80 min, the total concentration of volatile compounds generated from MRI was 9.44 and 8.77 times higher than that from MRPs and Xyl-Phe, respectively. The major volatile compounds generated during 80 min thermal reaction are shown in Table 1 . Acetone, 2,5-dimethylpyrazine, nonanal, furfural, 2-ethyl-1-hexanol, 1-(2-furanyl)-ethanone, benzaldehyde, 2-acetyl-5-methylfuran, 2,4-dimethylbenzaldehyde 3-phenylfuran, 2,3-dimethyl-2-cyclopenten-1-one were reported as important Maillard reaction products.
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Benzaldehyde and benzeneacetaldehyde were observed as the major volatile compounds in all the four samples, and the concentration of both increased during the heat treatment of MRI (Table 2) . Aer the heat treatment of MRI, the concentration percentage of benzaldehyde and benzeneacetaldehyde were higher than that of the heated MRPs ( Table 2 ). The avor prole of MRPs had been changed during its heat treatment and the ower fragrance was faded. Thus, the MRI derived from Xyl-Phe could be applied as a ower-like avor precursors and the avor could be highlighted more during the heat treatment of MRI rather than that of MRPs. MRI was decomposed when it was heated to form reductones, aldols and aldehydes. 43 Besides, the hydrolysis of MRI may produce sugar degradation products together with regenerating the amino acid. 35 It might also degrade without hydrolysis. Therefore, the degradation is quite complex and depends on the conditions and environment. The reverse of the Amadori rearrangement and hydrolysis of Schiff base may regenerate the sugar and amino acid.
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The potential of MRI to undergo Maillard reaction and achieve controlled formation of fresh process avors could be conrmed and it might provide achievability and pleasure of cooking for consumers.
Conclusions
The MRPs were prepared by Maillard reaction performed under stepwise increase of temperature. The formation conditions of MRI generated from Xyl and Phe were determined as heating at 80 C for 70 min. The prepared MRI derived from Xyl-Phe model system was puried by HPLC. The obtained compound was characterized and conrmed by ESI-mass spectra and NMR. Its molecular mass and formula were determined as 297. 
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